Protein prenylation in plants was studied by in vivo metabolic 3 H-mevalonate labeling in combination with a range of protein synthesis inhibitors. In spinach cotyledons, this posttranslational protein modification was found to be divided into two categories, one representing the conventional prenylation involving farnesyl and geranylgeranyl groups bound to cysteine residues via thioether linkages. This category revealed a similar pattern of prenylated proteins to that observed in mammalian cells and depends on nuclear gene expression. The other category was shown to represent a type of prenylation confined to chloroplasts. It depends on plastid gene expression and does not involve a thioether bond. The modifying isoprenoid could be released from the chloroplastic polypeptides by alkaline treatment and was identified as phytol upon GC-MS analysis. The phytol could readily be derived from all-trans-[ 3 H]farnesol, which, like all-trans-[ 3 H]geranylgeraniol, was taken up by the cotyledons, resulting in incorporation of radiolabel into proteins.
The prenyl groups that are covalently bound to proteins serve important functions. For instance, they make the protein more hydrophobic, thus facilitating membrane association. Additionally, it has been shown that prenyl groups can be required for protein-protein interactions (1) and perhaps protein targeting (2) .
In vivo studies have revealed the presence of prenylated proteins in plants (3, 4) . A broad range of proteins, with molecular masses between 6 and 200 kDa, was shown to be prenylated. The pattern of prenylation differed markedly from that observed in both mammalian and plant cells in tissue culture (5, 6) , where the majority of the prenylated proteins are restricted to the 21-to 26-kDa molecular mass region.
Prenylated proteins identified to date in mammals are all nuclear-encoded such as rhodopsin kinase (7), small GTPbinding proteins (8, 9) , and nuclear lamin B (10) . In plants only a few proteins, including ANJ1 (11), a GTP-binding protein (12) , and the calmodulin CaM53 (13) , have been specifically identified as carrying a prenyl modification.
The isoprenoids so far firmly established as being covalently bound to proteins are farnesyl (C 15 ) and geranylgeranyl (C 20 ) groups. Both isoprenoids are bound to one or two cysteine residues at or near the C terminus of the protein via thioether bonds. The isoprenoid substrates for the protein prenylating enzymes are the pyrophosphate forms of the prenyl alcohols farnesol and geranylgeraniol (14) (15) (16) . Farnesyl pyrophosphate and geranylgeranyl pyrophosphate both are synthesized at various locations in the cell, with the bulk of these compounds being synthesized in the cytosol (17) (18) (19) . Other isoprenoids that have been implicated in protein prenylation include hydroxylated farnesol, dolichol, pentaprenol, and hexaprenol (20) (21) (22) .
In general, in vivo studies of protein prenylation are performed by metabolic labeling using mevalonate as a precursor of the isoprenoid compounds. Recently however, it has been demonstrated that both farnesol and geranylgeraniol also can be used as precursors for protein prenylation in tissue culture cells (23, 24) . Evidently, these prenyl alcohols can be phosphorylated in vivo by kinases and the existence of such enzymes has been established in both bacteria (25) and rat liver (26, 27) .
In a recent study, it was demonstrated that chloroplasts contain several prenylated polypeptides, the majority of which are associated with the thylakoid membrane or the inner envelope membrane (28) . These polypeptides largely accounted for the differences observed between the labeling pattern of prenylated polypeptides in mammalian cells in tissue cultures and plant tissue.
In the present study, a plant experimental method was used to investigate the genetic origin (nuclear or extra-nuclear) of the proteins͞enzymes involved in plant protein prenylation through the use of specific protein synthesis inhibitors. The results reveal the existence of a type of prenylation that depends on chloroplastic gene products.
MATERIALS AND METHODS
Materials. Spinach seedlings (Spinacea oleracea L.) were grown on vermiculite at 22-25°C, with a 10-hr photoperiod, for 2-3 weeks. (R,S)- H]mevalonate (specific activity 2.8 and 22.2 Ci͞mmol) was prepared as described by Keller (29) . Before use, the mevalonolactone and mevinolin were converted to their metabolically active forms (3). All-trans-[ H]geranylgeraniol (1.6 Ci͞mmol) were prepared as described (30) . Farnesol and geranylgeraniol were the kind gift of T. Takigawa of the Kururay Co., Okayama, Japan, and phytol was from Aldrich. Protein molecular mass standards and Hyperfilm-MP were obtained from Amersham Pharmacia. All other chemicals were obtained from Sigma, and solvents were of reagent grade.
Labeling Tris⅐HCl, pH 7.5, every fifth hour. Each rat received a total of five injections. Twenty-five hours after the first injection, the rats were decapitated and the organs were homogenized in 1 ml of double-distilled water by using an Ultra-Turrax blender. Proteins were precipitated immediately in 10 ml of ice-cold acetone and extracted as described below.
Lipid Extraction and Protein Analysis. After labeling, each sample was rapidly homogenized in 1.5 ml of ice-cold doubledistilled water by using an Ultra-Turrax blender at 18,000 rpm for approximately 15 s. The homogenate was filtered immediately through one layer of nylon net (mesh size 20 m) into 10 ml of ice-cold acetone to precipitate the proteins that were lipid-extracted and subjected to SDS͞PAGE as described (3, 28, 31) . The gels were fixed, impregnated with AMPLIFY (Amersham Pharmacia), dried, and exposed to film (Hyperfilm-MP, Amersham Pharmacia) at Ϫ80°C for as long as 3-39 weeks. Of the total radioactivity supplied 0.01-0.05% was incorporated into polypeptides.
Cellular Subfractionation of Spinach Seedlings. Cellular subfractionation was performed according to the method of Bartlett et al. (32) from 3.0 g of 3 H-mevalonate-labeled cotyledons. Seedlings were homogenized by using a mortar and pestle. The homogenate was filtered through one layer of nylon net and centrifuged at 1,000 ϫ g for 5 min. The pellet, containing intact chloroplasts and nuclei, was resuspended in buffer and layered onto a Percoll-step gradient to purify intact chloroplasts (32) . The supernatant from the initial centrifugation was recentrifuged for 3.5 min at 20,000 ϫ g to pellet the crude mitochondrial fraction. The supernatant was centrifuged at 150,000 ϫ g for 1.5 h to separate the microsomal and cytosolic fractions. The microsomes were washed in 0.15 M Tris (pH 8.5) to remove adsorbed cytosolic proteins. These techniques give intact organellar preparations essentially free of contamination. All pelleted fractions were resuspended in double-distilled water and immediately precipitated by the addition of 10% trichloroacetic acid. Proteins were delipidated with organic solvents, as described above, before electrophoretic analysis or scintillation counting.
Cleavage and Analysis of Protein-Bound Lipids. After the final lipid extraction, the proteins were subjected to methyl iodide, acidic (HCl) or alkaline (KOH) hydrolyses (33, 34) . After hydrolysis, the isoprenoids were extracted with chloroform͞methanol (9:1). Sixty percent of the total radioactivity from methyl iodide-treated proteins labeled in the presence of CAP and 40% of the total radioactivity from alkaline-treated proteins labeled in the presence of CH were recovered in the respective organic phases. Analysis of released isoprenoids was performed by RP-HPLC by using a C-18 column (Hewlett Packard Hypersil ODS 3 m) and a two-step linear gradient, basically as described (4, 17) . The absorbance at 210 nm and radioactivity of the eluate were monitored by using a UV detector and a radioactivity flow detector (Radiomatic Instruments, Tampa, FL).
For MS analysis, 6-week-old spinach was used after establishing that it possessed a similar set of prenylated polypeptides and an alkaline hydrolysis releasable isoprenoid, as did the spinach seedlings. Thylakoid proteins from 1 kg of spinach were subjected to alkaline hydrolysis, and the eluate corresponding to the elution time of phytol standard was collected. The solvents were evaporated, and the residue, in parallel with phytol standard, was converted to the acetate form by incubation with 15 l of acetic anhydride and 10 l of pyridine in 0.5 ml of benzene at room temperature for 2 hr. The yield of this reaction was close to 100% as estimated by TLC, developed in ethyl acetate͞benzene (95:5, vol͞vol).
GC was performed on a DB-5 column (30 meters, i.d. 0.2 m), which was connected to a Nermag R10-10H mass analyzator. The temperature gradient started at 130°C for 1 min and was followed by an increase of 3°C͞min up to 250°C. Thereafter, the increase was 10°C͞min up to 290°C at which the temperature was kept for 20 min. Ionization was by electron impact at 70 eV and the scan range was 50 to 400. The samples were dissolved in hexane. the cotyledons of spinach seedlings possess a complicated pattern of prenylated polypeptides (4) . In a recent study, it was demonstrated that a number of these are associated with chloroplast membranes (28) . The effects of two specific protein synthesis inhibitors, CAP, which inhibits organellar protein translation, and CH, which inhibits translation of nuclear-encodes genes, on the pattern of prenylated proteins in spinach cotyledon tissue, were studied under in vivo conditions. The results revealed clear and differential effects of CAP and CH on the prenylation pattern as illustrated in Fig. 1A . Only very few of the total prenylated polypeptides could be detected after 3 H-mevalonate labeling in the presence of 150 M CAP. These CAP-insensitivelabeled polypeptides are found predominantly in the 21-to 26-kDa region. Additionally, two bands could be observed at molecular masses of about 15 and 60 kDa. Similar results were obtained with 350 M streptomycin, another inhibitor of organellar protein synthesis (not shown). The CAP-insensitive bands, however, were found to be sensitive to labeling in the presence of 150 M CH. The most strongly labeled polypeptides insensitive to CH have molecular masses of approximately 35 and 100 kDa. In addition, several labeled bands were seen in the entire 14-to 200-kDa molecular mass region. When combined, the sum of the CAP-sensitive and CH-sensitive bands comprise the total labeling pattern observed in cotyledons labeled in the absence of protein synthesis inhibitors.
RESULTS

The Effect of Protein Synthesis Inhibitors on
In a previous study where spinach seedlings with their roots excised were fed the [ 3 H]mevalonate solution, it was concluded that the nuclei and the mitochondria were the most intensely labeled cellular fractions (3). For cotyledon leaves, however, this is not the case and the cellular subfraction that showed the highest labeling, on a protein basis, was the chloroplasts (Table  1) . Furthermore, the yield of proteins in the chloroplast subfraction was a lot higher than that of the others, i.e. the vast majority of tritium-labeled, protein-bound isoprenoids were recovered from chloroplasts. The effect of CAP and CH on the in vivo protein prenylation pattern in various organelle fractions was investigated after subfractionation of the cotyledon cells. Notably, the presence of CAP during the labeling period completely abolished the prenylation of chloroplastic proteins (Fig. 1B, lane 2) . On the other hand, CH did not appear to alter the pattern of prenylated proteins in this organelle on a qualitative basis (Fig. 1B, lane 3) , although the overall labeling intensity was extensively increased on a protein basis. The prenylation of microsomal and cytosolic proteins was abolished by CH, but was not affected by CAP. The low yield of mitochondrial proteins (10-20 g) excluded fluorography of the labeled proteins in this fraction. Nevertheless, estimations of the effect of CAP and CH on overall labeling in the mitochondrial fraction indicated that the isoprenoid modification of these proteins was sensitive to CH and not to CAP.
Comparison with 3 H-Mevalonate Labeling of Mammalian Cells.
To readily compare the pattern of prenylated polypeptides in mammalian cells and spinach cotyledons, N2a neuroblastoma cells in tissue culture and rats were metabolically labeled with [ 3 H]mevalonate. This resulted in the prenylation of several proteins, and the pattern of labeled polypeptides is shown in Fig. 1C . The pattern of prenylated polypeptides in neuroblastoma cells and rat kidney closely resembled that observed in the CAP-treated spinach cotyledons (Fig. 1 A,  lane 1) .
Hydrolysis of Prenylated Proteins. Methyl iodide hydrolysis is a mild cleavage procedure specific for thioether bonds (35) . All prenylated proteins identified to date carry thioetherbound isoprenoids on C-terminal cysteine residues. The isoprenoids farnesol and geranylgeraniol were released by hydrolysis of cotyledon polypeptides labeled in the presence of CAP ( Fig. 2A) , demonstrating that the CH-sensitive polypeptides are prenylated with these isoprenoids bound to cysteine residues via thioether linkages. Remarkably, no isoprenoids were released from CH-treated, 3 H-mevalonate-labeled material (Fig. 2 A, Inset) . This finding indicates that a different type of prenylation, not involving isoprenoids thioether-linked to cysteine residues, takes place in chloroplasts. Upon alkaline hydrolysis of the polypeptides that were not prenylated in the presence of CAP, a single isoprenoid was released. This isoprenoid corresponded to the elution time of phytol (Fig.  2B) , and it also comigrated with phytol upon TLC analysis (not shown). On the other hand, no isoprenoids were released after acidic hydrolysis of polypeptides labeled in the presence of CAP (not shown).
MS Analysis of the Released Isoprenoid. To further establish the identity of the isoprenoid modifying the chloroplastic polypeptides, the alkaline hydrolyzable isoprenoid from thylakoids from 1 kg of spinach was derivatized to its acetate form. When phytyl acetate standard was analyzed on GC-MS, the compound eluting at 36.2 min demonstrated a fragmentation pattern typical of phytol (Fig. 3A) . The peak at m͞z 278 corresponds to phytyl acetate that has lost acetate and two hydrogens. The isoprenoid from the thylakoid sample also contained a compound that eluted at 36.2 min, and its fragmentation pattern was almost identical to that of the phytyl acetate standard (Fig. 3B) . This finding confirms that phytol is modifying the polypeptides whose prenylation is sensitive to CAP.
In (Fig. 4) . The pattern of the prenylated polypeptides was similar to that of cotyledons labeled in the presence of CAP (Fig. 1 A, lane 1) , representing the extra-chloroplast labeling. However, metabolic labeling with [ 3 H]farnesol (Fig.  4) yielded a protein pattern similar to that observed after mevalonate labeling. This finding demonstrates that the phytol bound to the chloroplastic polypeptides via the novel type of linkage can readily be derived from exogenously supplied farnesol.
DISCUSSION
The use of an in vivo labeling method has enabled extensive analysis of protein prenylation in plant tissue (3, 4, 28) . The present study used this method to investigate the genetic origin of the proteins͞enzymes involved in plant protein prenylation, through the use of the specific protein synthesis inhibitors CH and CAP. It was demonstrated that prenylation in plant tissues can be divided into two categories ( Table 2) , one of which is the conventional modification involving thioether-linked farnesyl and geranylgeranyl groups with a pattern of prenylated proteins equivalent to that observed in mammalian cells. This type of prenylation depended on nuclear gene products. The second category of protein prenylation displayed several unique features (Table 2) . It was found to be confined to chloroplasts and dependent on gene products of the plastid genome. Another remarkable observation was that this type of prenylation did not involve a thioether bond, but another, as-yet-uncharacterized binding mechanism.
Protein prenylation requires the presence of both isoprenoid and protein substrates as well as prenylating enzymes. It is not very likely that the effects described above can be explained at the enzyme level. It would require an enzyme with an extremely short turnover time to be depleted in 1 hr, which was the time of the preincubation with the protein synthesis inhibitors before the addition of the labeled substrates. Furthermore, the chloroplast genome has not been reported to encode any prenyl protein transferases or other isoprenoidmetabolizing enzymes. However, several ORFs still have to be functionally assigned. It seems more likely that the effect of CAP on chloroplast prenylation should be sought at the protein substrate level. Yet, the relatively high number of prenylated chloroplastic polypeptides, and their uniform response to CAP, is somewhat puzzling. If all of the chloroplastic polypeptides that are not prenylated in the presence of CAP are plastid-encoded, this would mean that a substantial fraction of the approximately 120 gene products encoded by the chloroplast genome harbors this modification. Another possible explanation is that the presence of CAP results in the depletion of short-lived plastid-encoded isoprenoid carriers, which would result in a shortage of isoprenoid substrates inside the chloroplasts. The revelation of the mechanism behind the CAP effect on chloroplastic protein prenylation will require some further experimentation. The data that demonstrate that the labeling intensity in chloroplasts was increased after CH treatment could be the result of an internal mevalonate pool of higher specific activity, after depletion of the short-lived enzyme hydroxymethyl glutaryl-CoA reductase (36) . Because the prenyl transferase(s) involved in modifying the proteins whose prenylation is CAP sensitive is most certainly nuclear encoded, it should display a fairly slow turnover rate.
The well-characterized and gentle hydrolysis method using methyl iodide, specific for thioether bonds (35), did not result in the release any isoprenoids from the CAP-sensitive proteins. In the RP-HPLC system used, isoprenoids at least as long as 23 units can be observed. Evidently plants possess the capability for an additional prenylation pathway not observed to date in mammalian and yeast studies. The nature of this novel prenylation awaits characterization; however, the identity of the isoprenoid used for prenylation is phytol. This prenyl alcohol was released from the proteins after alkaline hydrolysis and its identity confirmed by GC-MS analysis.
Covalent bonds between a prenyl alcohol and an amino group have been described for isopentenyladenosine in yeast and mammalian tissue, where an isopentenyl moiety is attached to N 6 of adenine via an amine bond (37) . In addition to isopentenyladenosine, plant tRNAs can contain two hydroxylated derivatives of that species (38) . It is distinctly possible that the proteins whose prenylation is sensitive to CAP contain phytol bound to amino group side chains.
The fact that plant prenylated proteins can be labeled from farnesol or geranylgeraniol strongly suggests that plants possess prenyl alcohol phosphorylating systems. Such systems recently have been reported in bacteria (25) and mammals (26, 27) . Furthermore, the results presented here demonstrate that prenyl alcohols can be taken up and metabolized by intact plant cells.
It is interesting that the type of prenylation described here was not readily achieved when all-trans-geranylgeraniol was used as a substrate. However, all-trans-farnesol was shown to be an excellent precursor for the phytyl modification. This finding implied that the modifying moiety could be cis-phytol. Surprisingly, when the released phytol was subjected to highperformance TLC analysis, it contained both the trans and the cis isomer in a ratio of about 4 to 1. At present, it is not known if this unexpected distribution was a result of rearrangement occurring during the alkaline hydrolysis.
That farnesol was readily used as a precursor of the phytyl groups also can be discussed in relation to the recent line of investigations suggesting that chloroplasts of higher plants do not possess the mevalonate͞acetate pathway (39) . If this claim holds true, the data presented here strongly favor an import mechanism for cytoplasmically synthesized farnesyl pyrophosphate, but not geranylgeranyl pyrophosphate, into the chloroplast. Such an import mechanism has been described for the C 5 isoprenoid isopentenyl pyrophosphate (40) , and geranylgeranyl pyrophosphate synthase is localized in the chloroplast in several plant species (41, 42) .
Current theories regarding the function of protein prenylation include increasing hydrophobicity thereby aiding membrane association and recognition signals for protein-protein interactions which also may well apply to the chloroplastic prenylated proteins as they have been shown to be components of membrane protein complexes (28) . These prenylated proteins seem to be of low abundance as they could not be visualized in SDS͞PAGE gels stained with Coomassie blue. In addition, these proteins presumably are long-lived because relatively high amount of radiolabel was incorporated during the 24-hr labeling period. They may represent proteins involved in the regulation of chloroplast functions, catabolism, or biosynthesis as well as stress responses.
Taken together, the data presented here provide clear evidence for a novel type of protein prenylation in plants, which depends on products of the chloroplast genome. The existence of such a pathway for protein prenylation opens up an area for exciting future studies. 
